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Intrarenal renin, angiotensin II, and plasma renin in rats with
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Intrarenal renin, angiotensin II, and plasma renin in rats with
uranyl nitrate-induced and glycerol-induced acute renal failure.
Uranyl nitrate (UN) (10 mg/kg body wt, i.p.) produced acute
polyuric renal failure (ARF) in rats. Six and 18 hours after UN
administration, the animals had elevated urine flow rates and so-
dium excretion, raised plasma creatinine concentrations, and im-
paired endogenous creatinine clearance. At this time, intrarenal
angiotensin II (All) was markedly elevated as was plasma renin
activity (PRA). Kidney renin concentration (KRC) was not dif-
ferent from that in controls. Prevention of volume depletion dur-
ing UN-induced ARF by replacement of urinary losses of sodium
chloride and water reduced but did not abolish the elevation of
intrarenal All in UN-treated animals at 6 hours. The rise in PRA
and the appearance of renal impairment were, however, pre-
vented. Glycerol-treated rats developed myohemoglobinuric
ARF with polyuria but without increased sodium loss. Creatinine
clearance was impaired at 3 hours after glycerol administration,
but intrarenal All, PRA, and KRC were not different from con-
trols. These results show that intrarenal All is elevated in UN-
treated rats irrespective of volume status. This does not lead,
however, to ARF unless volume depletion coexists. In the glyce-
rol model of ARF, intrarenal All does not appear to be involved
in the early phase of the syndrome. These experiments also re-
veal that changes in intrarenal All do not necessarily parallel
those of PRA and demonstrate dissociation of these two parame-
ters with UN-administration.
Rénine, angiotensine II intrarénales, et refine plasmatique chez
des rats au cours d'insuflisances rénales aigués par le nitrate
d'uranyle ou le glycerol. La nitrate d'uranyle (UN) (10 mg/kg i.p.)
produit une insuffisance rénale aiguë (ARF) chez le rat. Six
heures et 18 heures après l'administration d'UN les animaux ont
un debit urinaire et une excretion de sodium augmentés, une
créatininémie élevée et une diminution de Ia clearance de la
créatinine. A cc stade l'angiotensine II (All) intra rénale est for-
tement élevée, de même que l'activité refine plasmatique
(PRA). La refine rénale (KRC) n'est pas différente de celle des
contrôles. La prevention de Ia reduction du volume extra-cellu-
laire, au cours de I'ARF induite par UN, par le remplacement
des pertes urinaires de chlorure de sodium et d'eau diminue mais
n'abolit pas l'élévation de All intra rénale, a 6 heures, chez les
animaux traités par UN. Cependant l'augmentation de PRA et
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l'installation de l'insuffisance rénale sont empêchés. Les rats
traités par Ic glycerol développent une ARF myohémoglo-
binurique avec polyurie mais sans augmentation de l'excrétion
de sodium. La clearance de la créatinine est diminuCe 3
heures après l'administration de glycerol, mais All intra
rénale, PRA et KRC ne sont pas different des contrôles. Ces
résultats montrent que All intra rénale est augmentée chez
les rats traitCs par UN quel que soit l'état des liquides extra-
cellulaires. L'ARF n'apparit cependant que s'il existe en mCme
temps une dCplétion. Dans le modèle d'ARF par Ic glycerol All
intra rénale ne paralt pas être impliqué au cours de Ia phase pré-
coce. Ces experiences révèlent aussi que les modifications de
All intra rénale ne sont pas nécessairement parallèles a celles de
PRA et dIes démontrent Ia dissociation de ces deux paramètres
et de l'administration d'UN.
Activation of the intrarenal renin-angiotensin sys-
tem leading to the formation of local angiotensin II
(All) has been proposed as a mechanism for patho-
genesis of acute renal failure (ARF) [1—3]. Peripher-
al plasma levels of renin [4—7] and All or AlIT are
elevated in some [8, 9] but not all forms of ARF [8].
The necessary components for formation of All are
present in kidney [10], and the local occurrence of
the peptide has been deomonstrated in this tissue
[11, 12]. The presence of receptors for All in glome-
ruli [13] and the known actions of the peptide on
vascular caliber and glomerular function [14] in-
dicate that All could potentially be involved in the
reduction of GFR in AFR.
Experiments with blockade of the renin-angioten-
sin system by All antiserum [8, 15], angiotensin re-
ceptor blockers [16], converting enzyme inhibitors
[17], or renin immunization [18] have had conflict-
ing results, but do not seem to support a role for
circulating renin or All in several forms of experi-
mental ARF. It is not known, however, to what ex-
tent these agents affect the levels or action of local
tissue All.
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Chronic sodium chloride or potassium chloride
loading, which lead to a marked fall in renal renin,
also protect against glycerol-induced [19, 20] and
mercuric chloride-induced [21] ARF. These obser-
vations have provided a major argument in favor of
the role of the renin-angiotensin system in ARF.
But, kidneys depleted of renin by 3 weeks of DOCA
plus salt administration [22] or the renin-poor kid-
ney contralateral to a renal artery clip [22—24] are
not protected against postischemic [22], mercuric
chloride-induced [24] or glycerol-induced [23] ARF.
These experiments do not, however, exclude a role
for angiotensin because intrarenal All is not sup-
pressed in rats subjected to chronic saline loading
[12] or in the contralateral kidney of two-kidney
one-clip hypertensive rats [25] although kidney re-
nm was suppressed in both cases.
These uncertainties highlight the need to measure
intrarenal All in order to evaluate its proposed role
in ARF. Two models of experimental ARF were
chosen in which the pathogenetic mechanisms ap-
pear to differ: glycerol-induced myohemoglobinuric
ARF as a model of the ischemic" type and uranyl
nitrate poisoning as a model of the "nephrotoxic"
type of ARF [26].
Methods
Male Sprague Dawley rats, each weighing 150 to
200 g, were housed in individual metabolic cages
(Gelman Clemco), fed a diet containing sodium (45
mmoles!kg) and potassium (105 mmoles/kg), and
given tap water to drink. In each experiment, three
or four rats served as controls, and four were in-
jected with either uranyl nitrate (UN) or glycerol.
Each experiment was performed twice, and the re-
sults were calculated for all of the rats.
Uranvl nitrate—induced acute renal failure. Ura—
nyl nitrate (10 mg/kg) was administered i.p. as a 10
mg/ml solution in 154 m sodium chloride, and four
control rats were injected with an equivalent vol-
ume of sodium chloride solution. In two experi-
ments, the rats were injected at 7:00 A.M., killed
by stunning, and decapitation 6 hours later, while in
two other experiments the uranyl nitrate was given
at 5:00 P.M., and the animals were killed 18 hours
later. During the experimental period, urine was col-
lected for sodium, potassium, and creatinine deter-
mination. Blood was collected for measurement of
plasma renin activity and creatinine concentration,
and kidney tissue was obtained for renin and angio-
tensin measurements as detailed below.
LJranvl nitrate administration ,t'itlz replacement
of sodiu,n chloride losses. In two experiments, ura-
nyl nitrate was administered as described above,
but isotonic saline was used to replace urinary loss
of sodium chloride and water during the experi-
ment. Three hours after UN, urine volume and so-
dium and potassium concentration were measured,
and the sodium loss was calculated. Twice the calcu-
lated loss of sodium chloride was then administered
as isotonic saline by gavage tube at 4 hours, and the
rats were killed at 6 hr after UN administration.
Glycerol-induced acute renal failure. Myo-
hemoglobinuric ARF was induced by injecting 10
mi/kg of 50% glycerol in isotonic saline i.m. [27].
Controls were injected with an equal volume of iso-
tonic saline. The rats were killed 3 hours later, and
urine, plasma, and kidney samples were collected
for analyses.
Anah'tical methods. The kidneys were rapidly re-
moved and frozen in liquid nitrogen. Approximately
100 to 150 mg of frozen kidney was removed from
the upper pole of the right kidney, weighed, and ho-
mogenized in distilled water (5 mg/ml) with a Poly-
tron homogenizer. The homogenate was frozen
and thawed three times and centrifuged at x I 000g for
30 mm at 4° C. Of the supernatant solution, 10 d
was incubated with 100 /Ll (120 pmoles) of sheep
renin substrate [28] in a total volume of 500 l of 50
mmoles/liter sodium phosphate buffer (pH, 6.5). Di-
sodium EDTA (10 mmoles/liter), dimercaprol (1.25
mmoles/liter), and phenylmethylsulphonyl fluoride
(4.6 mmoles/liter) were used to inhibit angiotensi-
nases. After 30 mm of incubation at 370 C, samples
were taken for radioimmunoassay of Al [12]. The
recovery of Al added to the incubations was 98.5
(SD) 7.7% (N = 4), suggesting that angiotensinase
activity was completely blocked. The relationship
of the mass of Al generated and the time of in-
cubation was linear up to 4 hours as was that with
variation in enzyme concentration in the range 10 to
100 g of kidney homogenate. Between-assay coef-
ficient of variation of the renin assay, assessed by
14 consecutive incubations of a pooled kidney ho-
mogenate, was 17%.
The remainder of the frozen kidney was weighed
and homogenized in cold acid-ethanol. Angiotensin
II was adsorbed on to a cation-exchange resin,
eluted, and further purified with an immobilized All
antiserum prior to radioimmunoassay of A!!. Re-
covery of All was measured in each sample by us-
ing I'25-labeled All. Results were corrected for loss-
es during extraction and purification. The mean re-
covery of I'25-labeled All throughout the whole
method was 32% (SD) 16 (N = 20). The details
and validation of this method have been published
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[11, 12]. Between-assay coefficient of variation of
the All radioimmunoassay was 8.2% (N = 16). Pre-
cision of the overall method was assessed by mea-
surements of intrarenal All in the left and right
kidneys of eight normal rats, giving a correlation
coefficient of r = 0.898 (P < 0.01). Variation of
intrarenal All between rats housed and fed under
identical conditions was, however, greater than the
within-animal variation [12]; the source of the be-
tween-animal variation has not been identified.
Blood was collected from the trunk after decapi-
tation, placed into heparinized tubes, and centri-
fuged; and the plasma was used for measurement of
PRA [12]. The buffer and mixture of angiotensinase
inhibitors was the same as that used for the kidney
renin assay, but exogenous substrate was not add-
ed. After incubation for 4 hours at 37° C, aliquots
(50 j.tl) were removed for Al radioimmunoassay
[12]. Generation of Al during incubation was linear
with time up to 4 hours and with concentration of
added rat renin. Recovery of Al added to the in-
cubates was 97.8 (SD) 3.3% (N = 4), suggesting
complete inhibition of angiotensinase s. Between-
assay coefficient of variation assessed by repeated
measurements on a pool of rat plasma was 13% (N
= 11).
Plasma and urinary sodium and potassium were
measured with a flame photometer (IL model-143)
with a lithium internal standard and a model-144
dilutor. Plasma and urinary creatinine were mea-
sured with an autoanalyzer (Technicon, method N-
1 lb). Creatinine clearance was calculated for each
animal by using a plasma creatinine concentration
calculated to represent the mean value during the
clearance period. This was obtained by using the
plasma creatinine measured at the end of the experi-
ment and an estimate of that at the beginning. Be-
cause plasma was not sampled before the clearance
period, the mean plasma creatinine value of control
animals was used to estimate the initial value in the
experimental groups.
Results
Uranyl nitrate (UN) administration led to the de-
velopment of polyuric renal failure: At both 6 hours
and 18 hours after UN administration, rats had
higher urine output, sodium excretion rates, and
plasma creatinine concentrations than did control
rats, and they had lower values for endogenous
creatinine clearance (Table I). At these times, the
UN-treated groups had markedly elevated intra-
renal All and plasma renin activity (PRA) (Figs. 1
and 2).
Kidney renin concentration showed an increase
of borderline significance (0.1 > P > 0.05) at 6
hours (Fig. 1), which may have reflected activation
of the renin-angiotensin system. At 18 hours, how-
ever, there was no significant difference between
the two groups (Fig. 2).
Cumulative urinary sodium loss in UN-treated
rats after 6 hours was 690 (sEM) 74 j.moles (N = 8)
compared to 125 21 tmoles in control rats (P <
0.00 1). Eighteen hours after UN, the corresponding
values were 1076 229 for UN-treated rats and 349
45 moles for controls (P < 0.01). To prevent
sodium chloride and water loss consequent upon
UN-induced natriuresis, we gave one group of ani-
mals sodium chloride solution by gavage tube dur-
ing the experiment. The mean value of net sodium
chloride balance, calculated as the urinary sodium
loss over 6 hours minus the mass of sodium chloride
replaced by gavage tube, was —2.6 (sEM) 13.0
moles (N = 8, P > 0.8), indicating that this maneu-
ver was successful in preventing net sodium loss in
Table!. Urine flow rate, sodium excretion, plasma creatinine, and endogenous creatinine clearance in rats with uranyl nitrate-induced
acute renal failurea
Experimental group
Urine flow rate UNV
pd/mm /unOleS/min noles/liter
Cr
,nl/,nin/lOO g body wt
Control (N = 8)
UN treated (N = 8)
Between-group P
Control (N = 7)
UN treated (N = 8)
Between-groupP
Control(N = 7)
UN treated (N = 8)
Between-group P
6-hr Uranyl nitrate
4.5 1.0 0.33 0.07 35 3.0
14.8 1.0 1.91 0.20 63 6.6
<0.001 <0.001 <0.005
18-hr Uranyl nitrate
3.0 0.5 0.32 0.04 21 1.5
9.4 2.01 1.00 0.20 44 7.8
<0.02 <0.01 <0.02
6-hr Uranyl nitrate with sodium replacement
5.4 2.1 0.43 0.12 30 2.7
16.8 3.3 2.07 0.46 35 7.4
<0.02 <0.005 >0.7
0.59 0.07
0.37 0.05
<0.05
0.90 0.05
0.39 0.09
<0.001
0.56 0.13
0.71 0.18
>0.6
a Values are the means SEM.
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Fig. 1. Six hours after uranyl nitrate. Intrarenal angiotensin II (kidney All), kidney renin concentration, and PRA were measured in rats
6 hours after injection of uranyl nitrate (UN) or vehicle (controls, CTL). P values are the significance of difference between controls and
UN-treated groups.
Fig. 2. Eighteen hours after uranyl nitrate. Intrarenal angiotensin II (kidney All), kidney renin concentration, and PRA were measured
in rats 18 hours after injection of uranyl nitrate (UN) or vehicle (controls, CTL). P values are the significance of difference between con-
trols and UN-treated groups.
these animals. In the animals given sodium chloride
replacement after UN, the pattern of change was
different from those not replaced. At 6 hours, urine
flow rate and sodium excretion were higher in the
UN-treated group than they were in the corre-
sponding control rats, but plasma creatinine and
creatinine clearance were not different from con-
trols (Table 1). In these rats, intrarenal All was ele-
vated, but PRA and kidney renin were not different
from that of controls (Fig. 3). The elevation of intra-
renal All in UN-treated rats given sodium chloride
replacement (Fig. 3) was less than that in a similar
group not given sodium chloride (Fig. 1) (P < 0.05).
Glycerol treatment led to the appearance of myo-
hemoglobinuria and an increase of urine flow rate
similar to that observed after UN administration
(Table 2). Unlike the UN groups, glycerol treatment
was not associated with a natriuresis. There was a
marked rise in plasma creatinine and fall in endoge-
nous creatinine clearance in the glycerol-treated
rats (Table 2). Kidney All was not altered in the
glycerol group at 3 hours, and the levels of kidney
renin concentration or plasma renin activity were
not different from controls (Fig. 4).
Discussion
These experiments show that early in the course
of UN-induced ARF there is a marked elevation of
intrarenal All. This phenomenon persists at 18
hours. One possible explanation of this raised intra-
renal All might be sodium depletion, because pre-
vious experiments from this laboratory [12] have
shown that sodium depletion is associated with
raised intrarenal All. To test this possibility, we
tried to prevent sodium depletion in UN-treated an-
imals by administring oral sodium chloride solution
in amounts calculated to replace the urinary losses.
This procedure appeared to be successful in pre-
venting sodium and volume depletion because it
prevented the usual rise in PRA after UN-adminis-
tration. Intrarenal All was still elevated, however,
in these UN-treated animals, although to a lesser
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degree than it was in the sodium-depleted groups.
This finding suggests that raised intrarenal All is a
result of UN-treatment itself and not solely due to
sodium-depletion induced by UN, although it is not
possible to exclude minor degrees of sodium chlo-
ride depletion in the supplemented animals.
A possible mechanism of raised intrarenal All af-
ter UN administration involving the macula densa
has been discussed [29-31]. The tubuloglomerular
feedback system, which regulates GFR inversely
with distal tubular sodium chloride, is intact in UN-
treated rats [30], and local intrarenal All has been
suggested as a chemical mediator in this feedback
system [32, 33]. The current finding of raised intra-
renal All in UN-induced ARF is therefore consis-
tent with a role of tubuloglomerular feedback in the
pathogenesis of this syndrome.
Raised intrarenal AT! itself is not necessarily as-
sociated with ARF, as illustrated by the UN-treated
animals given sodium chloride replacements. This
indicates that sodium and volume depletion have a
critical role in the development of ARF, as is well
known. It appears from the UN experiments that
raised intrarenal All is only associated with re-
duced GFR if volume depletion coexists. This could
be interpreted as evidence that intrarenal All is not
the factor responsible for reduction of GFR in ARF.
In view of the evidence, however, that All can
modulate glomerular function [34] via specific re-
ceptors [13], it is possible that the results may be
explained by an interaction of sodium depletion
with the effect of local All.
There were only borderline or nonsignificant
changes in kidney renin concentration in all of the
groups studied. This is unlikely to be a methodo-
logic problem because marked changes of kidney re-
nm were observed using this method in rats after
prolonged sodium deprivation or sodium loading
[12] and between the two kidneys after renal artery
clipping [25]. It seems probable that kidney renin
concentration is not a sensitive measure of changes
of activity of the intrarenal renin-angiotensin sys-
tem because most of the renin in kidney is metabol-
ically inert, for it is contained in intracellular stor-
age granules [35] in an inactive form [36]. When
whole kidney tissue is homogenized, this physiolog-
ically inert renin is liberated and might then mask
changes in a small compartment of active renin. Re-
nm activity of juxtaglomerular apparatuses, how-
ever, measured 6 hours after UN administration,
have been reported to be increased [37]. The reason
for the difference between this report and our study
is not apparent.
Rats previously subjected to clipping of one renal
artery developed renal failure of comparable degree
in both kidneys after glycerol [23] or mercuric chlo-
Table 2. Urine flow rate, sodium excretion, plasma creatinine, and endogenous creatinine clearance in rats with glycerol-induced acute
renal failurea
Experimental
group
Urine flow rate
pJI,nin
UNaV
nolesI,nin
Pcr
wnoles/liter
Ccr
inl/min/100 g body ut
Control (N = 8) 5.7 0.7 0.54 0.14 30 2.2 0.83 0.07
Glycerol treated (N = 8) 14.7 0.4 0.23 0.08 97 7.0 0.25 0.07
Between-group P <0.01 >0.05 <0.001 <0.001
a Values are the means SEM.
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(N=8) (N=8)
Fig. 3. Six hours after uranyl nitrate with sodium replacement. Intrarenal angiotensin II (kidney All), kidney renin concentration, and
PRA in rats were measured 6 hours after injection of uranyl nitrate (UN) or vehicle (controls, CTL). The UN group was given isotonic
sodium chloride orally to replace urinary losses of sodium chloride and water. P values are the significance of difference between con-
trols and UN-treated groups.
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CTL GLY CTL GLY CTL GLY
(N=8) (N=8)
Fig. 4. Three hours after glycerol. Intrarenal angiotensin II (kidney All), kidney renin concentration, and PRA were measured in rats 3
hours after injection of glycerol (GLY) or vehicle (controls, CTL). P values are the significance of difference between controls and
GLY-treated groups.
ride [24] administration, despite the marked dif-
ference in renal renin concentration between the
two sides. These observations clearly dissociate the
onset of renal failure in these models from the level
of renal renin but need to be interpreted with cau-
tion because renal artery clipping does not neces-
sarily lead to suppression of intrarenal All in the
contralateral kidney [25].
Plasma renin activity was elevated in UN-treated
animals at both 6 hours and 18 hours, in agreement
with other studies [37]. This elevation of PRA was
abolished by administration of sodium chloride so-
lution. This demonstrates that changes of intrarenal
All do not necessarily parallel those of PRA. The
changes of PRA observed in these experiments
seem to be associated with altered overall sodium
chloride status. Previous studies that attempt to de-
fine the role of the renin-angiotensin system in ARF
from measurements of plasma renin or angiotensin
could therefore be misleading [4-7, 9].
In glycerol-treated rats, polyuria developed with-
out excessive sodium loss, but marked renal impair-
ment was evident. In contrast to the UN-model of
ARF, intrarenal All was not altered in these rats.
PRA levels were not elevated in the glycerol-treated
rats in this study. The reported changes in plasma
and kidney renin following glycerol administration
are complex, variable, and seem to depend on the
time after injection, the dose, and the details of the
experimental model. DiBona and Sawin [4] found
PRA was raised 3 to 7 hours after 10 mI/kg of 50%
glycerol in rats on normal or high sodium diets but
unchanged in rats on a low sodium diet. Matthews,
Morgan, and Johnston [8] found PRA was sup-
pressed at 1 hour after the same dose of glycerol but
was similar to controls at 4, 48, and 144 hours. By
contrast, Hofbauer et a! [38] found increased PRC 1
to 8 hours after this dose of glycerol in rats. Bauer-
eiss, Hofbauer. and Gross [39] showed that the ef-
fect of 50% glycerol on PRC was dose dependent:
24 hours after an injection of 2 mllkg PRC was ele-
vated, but after a dose of 10 mllkg, PRC was sup-
pressed. After a dose of 10 mllkg of 75% glycerol
PRA and plasma All were elevated from 4 to 48
hours; kidney renin was suppressed at 4 hours but
was unchanged at 8 hours and elevated at 24 to 48
hours [40]. Forty-eight hours after injection of 10
mllkg of 50% glycerol, PRA and renal renin concen-
tration were not changed [18]. Thus, there is no gen-
eral agreement concerning changes of plasma and
kidney renin in the glycerol model of ARF even
when apparently similar regimes and times are
used. In the current experiments, glycerol was ad-
ministered in isotonic saline rather than water,
which was used in the previously cited publications.
This could lead to a difference in response of the
renin-angiotensin system to the administered glyce-
rol, although our results are consistent with some of
those using glycerol in water [8, 39, 18].
Intrarenal All was not changed by glycerol ad-
ministration in the current experiments. A recent
study [41] also reported no change in intrarenal Al
or All early (Ito 6 hours) in the course of glycerol-
induced ARF, but both were elevated later (17 to 48
hours) in the disease. It is clear from our results and
the literature that acute renal failure can develop af-
ter glycerol administration without evidence of acti-
vation of the circulating or intrarenal renin-angio-
tensin system.
Both PRA and kidney renin concentration were
lower in the glycerol control group when compared
with the UN-control groups. This could be related
to experimental design, for the glycerol animals re-
ceived a larger volume of isotonic sodium chloride
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(10 mi/kg) than did the UN groups (1 mi/kg) as ve-
hicle for the injections. But, it is doubtful if this
acute sodium chloride administration would affect
kidney renin concentration [42], and it is possible
that spontaneous variations of dietary sodium in-
take caused some variation in renin levels between
groups.
The onset of ARF after glycerol administration is
associated with reduced renal blood flow [43], cor-
tical ischemia [44], virtual cessation of glomerular
filtration, and tubular collapse [20, 27]. Distal tubu-
lar sodium load is reduced or unchanged [4] at this
time. The current results do not support a role for
All in these changes. Other vasoactive agents,
however, such as vasopressin, might be involved
[38].
The current experiments reveal a clear difference
between the two experimental models of ARF in-
vestigated: In the UN model, intrarenal All appears
to be elevated early in the course of ARF, whereas
in the glycerol model it is not. These findings sug-
gest that the pathogenesis of these forms of ARF
may be different. Also, these experiments reveal
that changes of intrarenal All do not necessarily
parallel those of PRA.
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